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GermanyABSTRACT Complementary to parameters established for cell-adhesion force curve analysis, we evaluated the slope before a
force step together with the distance from the surface at which the step occurs and visualized the result in a two-dimensional
density plot. This new tool allows detachment steps of long membrane tethers to be distinguished from shorter jumplike force
steps, which are typical for cytoskeleton-anchored bonds. A prostate cancer cell line (PC3) immobilized on an atomic-force-mi-
croscopy sensor interacted with three different substrates: collagen-I (Col-I), bovine serum albumin, and a monolayer of bone
marrow-derived stem cells (SCP1). To address PC3 cells’ predominant Col-I binding molecules, an antibody-blocking b1-integ-
rin was used. Untreated PC3 cells on Col-I or SCP1 cells, which express Col-I, predominantly showed jumps in their force
curves, while PC3 cells on bovine-serum-albumin- and antibody-treated PC3 cells showed long membrane tethers. The prob-
ability density plots thus revealed that b1-integrin-specific interactions are predominately anchored to the cytoskeleton, while the
nonspecific interactions are mainly membrane-anchored. Experiments with latrunculin-A-treated PC3 cells corroborated these
observations. The plots thus reveal details of the anchoring of bonds to the cell and provide a better understanding of receptor-
ligand interactions.Received for publication 27 January 2015 and in final form 22 July 2015.
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http://dx.doi.org/10.1016/j.bpj.2015.07.048Atomic-force-microscopy-based, single-cell force spectros-
copy is widely used to study cell mechanics and cell adhe-
sion (1). Environmental changes influencing the cellular
behavior are frequently in focus during such investigations
(2–4). Force distance curves from single-cell force spectros-
copy contain far more information than just absolute force
values, and moreover, quantify the underlying molecular in-
teractions of cell surface receptors with their respective sub-
strates (5); the receptors are embedded in a complex cellular
environment, and the force distance curves also contain
valuable information about the anchoring of the receptors
to the plasma membrane or the cytoskeleton.
Here we have investigated the interaction between the
prostate cancer cell line (PC3) and collagen (Col-1)
(Fig. 1) aswell asmonolayers of the Col-I-expressingmesen-
chymal stem cell line (SCP1) (see the Supporting Material
and Sariisik et al. (6) for experimental details). Because
quantitative polymerase chain reaction revealed high expres-
sion levels of the collagen binding integrins a1b1 and a2b1
in PC3 cells (0.085 0.01 and 0.315 0.1-fold of theGADPH
expression; see Popov et al. (7) for details), we used a b1-in-
tegrin blocking antibody (monoclonal antibody toCD29;Ac-
ris Antibodies, San Diego, CA) to identify the specific
contribution of these integrins. A bovine serum albumin(BSA)-coated surface and latrunculin-A-treated PC3 cells
were used as additional negative controls (7).
To begin, the commonly derived parameters to quantify
cell adhesion—the adhesion rate, the number of steps per
curve, the detachment force, the dissipated work, and the
step height—were analyzed (see Benoit and Selhuber-Unkel
(8) and the Supporting Material). On Col-I-coated surfaces
and on the SCP1 monolayer, the adhesion rate and the num-
ber of steps are found to be significantly higher than on
BSA-coated surfaces, where both parameters are in the
same range as for the antibody-treated PC3 cells (see
Fig. 2 A). The same trend can be observed for the detach-
ment force and dissipated work, while the step height shows
much less variation (data not shown). However, despite a
clear difference in four of the parameters quantifying the in-
teractions, no information about the type of interaction—
and in particular about the anchoring of the relevant
receptors to their respective microenvironment—can be ob-
tained from any of these parameters alone. To gain more
FIGURE 1 Two force traces of a PC3 cell separated from a Col-I
substrate at a velocity of 3 mm/s after contacts of 0.3 s at 100 pN.
(Crosses) Steps. (Black line) Smoothed force trace. A line-fit indi-
cates the slope before a step. (A) Jumplike steps were defined at
slopes <10 pN/mm. (B) Tetherlike steps, caused by membrane
tubes pulled from the cell by bonds not anchored to the cytoskel-
eton, typically show slopes of 05 10 pN/mm. To see this figure in
color, go online.
Biophysical Letters 1331detailed insight into the receptor anchoring to the cell mem-
brane or cytoskeleton, we extracted two additional parame-
ters from the data and displayed them in normalizedtwo-dimensional probability density maps: the position of
detachment force steps (distance from the contact point),
and the slope before each step.
Interactions involving receptors linked to the cytoskel-
eton typically exhibit a clear rise in force just before the un-
binding event, like in the force curve displayed in Fig. 1 A
(2). On the other hand, long plateaus with slopes around
zero, as displayed in Fig. 1 B, are typical of tethers being
pulled out of the cell membrane. Here the constant force
before the unbinding event is caused by the constant tension
of the plasma membrane (8–10).
We evaluated the step position using the step detection al-
gorithm developed by Opfer and Gottschalk (11) and the
slope using a linear fit starting 500 nm before each force
step (6). Fig. 2, B and C, shows histograms of the position
and slope. In Fig. 2 D, both parameters are combined in a
color-coded, two-dimensional probability density plot (i.e.,
the two-dimensional plot). As can be seen from this two-
dimensional plot of PC3 cells on Col-I, there are two distinct
regions: one at step positions between 0.5 and 1 mm and
slopes at ~30 pN/mm, pointing to membrane-linked
cellular receptors; and a second one at ~3 mm and slopes
close to 0 pN/mm, which represents membrane tethers.
Fig. 3 shows slope-versus-step-position plots of interac-
tions of PC3 cells (and antibody-treated PC3 cells) with
Col-I- and BSA-coated substrates as well as with SCP1
monolayers. As already mentioned, on the Col-I-coated sub-
strate (Fig. 3 A is identical to Fig. 2D), there are two distinct
peaks—one that resembles interactions of cytoskeleton-
linked receptors (jumps), and one that resembles membrane
tethers. Without antibody blocking of b1-integrin, theFIGURE 2 (A) Number of steps versus adhe-
sion rate reveals that PC3 cells after antibody
treatment interact nonspecifically, like on
BSA.For eachprobed interaction, 10different
cells with at least 100 force traces each were
measured. Standard errors are given as error
bars. (B) Histogram of the step positions and
(C) corresponding slopes of untreated PC3
cells on collagen substrate. (Gray subsec-
tion) Membrane tethers (Gaussian fitted on
top). (D) A smoothed two-dimensional proba-
bility density plot of the slope versus step po-
sition reveals cumulated jumps and a few
longer tethers. (Black lines) Zero slope and 1
mm step position. (White line at 10 pN/mm)
Apparent best border between tether region
and jump region. (Inset, colored bar codes
for the probability densities.) To see this
figure in color, go online.
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FIGURE 3 Two-dimensional probability
density plots of PC3 cells interacting spe-
cifically with Col-I (A) and SCP1 cells (C)
and nonspecifically with BSA (D). (B) PC3
cells treated with monoclonal antibody to
CD29/integrin b1 also interact nonspecifi-
cally with Col-I (see Fig. 2 D for color-cod-
ing of the probability densities). To see
this figure in color, go online.
1332 Biophysical Lettersmajority of interactions are clearly jumplike. If the PC3 cells
are incubated with an anti-b1 antibody (Fig. 3 B), the major-
ity of interactions shift to the tether region of the plot. Simi-
larly, if the cells are treated with latrunculin-A, a drug that
disrupts the actin cytoskeleton by blocking G-actin, virtually
all interactions are shifted to the tether region (see Fig. S1).
In contrast to the Col-I substrate, PC3 cells probed on the
SCP1 substrate show fewer tethers and densely cumulate
their jumplike steps at 30 pN/mm and a distance of ~1.7
mm. This shift to higher step positions reflects the mechan-
ical properties of the softer SCP1 cell layer compared to the
stiff Col-I-coated substrate (compare the parts of Fig. 3, A
and C). The reduced number of tethers indicates an
increased coupling of receptors to the cytoskeleton on the
SCP1 substrate compared to the collagen substrate. This
may reflect an optimized accessibility of receptor-ligand
pairs between interacting cells, as well as an effective sup-
pression of nonspecific interactions compared to the
collagen-coated glass substrates (12).
Finally, on BSA-coated substrates, the adhesion rate and
number of steps is significantly lower (Fig. 2A), as can be ex-
pected for a substrate allowing only nonspecific interactions.
Accordingly, the initial jump population (Fig. 3 A) is shifted
toward tethers, and only a few jumps remain (Fig. 3 D).
In summary, the slope position density plots help to visu-
alize the embedding and anchorage of adhesion molecules
in the cell. They reflect the substrate-dependent complex
adhesion behavior of cells. In combination with results ofBiophysical Journal 109(7) 1330–1333complementing techniques, such as quantitative polymerase
chain reaction and blocking experiments, their readout al-
lows identification of the specificity of the cellular interaction
in the slope-position plane and strengthens the interpretation
of single-cell force spectroscopy data, in particular with
respect to the anchoring of the receptors in the cell.SUPPORTING MATERIAL
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